ABSTRACT Although it is established that oxygen availability regulates cellular metabolism and growth, little is known regarding how intracellular pathogens use host factors to grow at physiological oxygen levels. Therefore, large-scale human small interfering RNA screening was performed to identify host genes important for growth of the intracellular protozoan parasite Toxoplasma gondii at tissue oxygen tensions. Among the genes identified by this screen, we focused on the hexokinase 2 (HK2) gene because its expression is regulated by hypoxia-inducible transcription factor 1 (HIF-1), which is important for Toxoplasma growth. Toxoplasma increases host HK2 transcript and protein levels in a HIF-1-dependent manner. In addition, parasite growth at 3% oxygen is restored in HIF-1-deficient cells transfected with HK2 expression plasmids. Both HIF-1 activation and HK2 expression were accompanied by increases in host glycolytic flux, suggesting that enhanced HK2 expression in parasiteinfected cells is functionally significant. Parasite dependence on host HK2 and HIF-1 expression is not restricted to transformed cell lines, as both are required for parasite growth in nontransformed C2C12 myoblasts and HK2 is upregulated in vivo following infection. While HK2 is normally associated with the cytoplasmic face of the outer mitochondrial membrane at physiological O 2 levels, HK2 relocalizes to the host cytoplasm following infection, a process that is required for parasite growth at 3% oxygen.
uses intramitochondrial ATP as it diffuses through VDAC, preventing excess lactate accumulation (12) .
Most intracellular pathogens grow in tissues whose O 2 levels are lower than the atmospheric level (21% O 2 ) found in tissue culture-based experiments. Toxoplasma gondii, the causative agent of toxoplasmosis, grows and causes disease in tissues with diverse O 2 tensions (13) . Following ingestion, the parasite infects and replicates within the intestine, a hypoxic environment, and then disseminates to peripheral tissues (14) . Host factors that allow Toxoplasma and other pathogens to replicate at decreased O 2 levels are poorly understood. Previous microarray studies revealed that several HIF-1-regulated transcripts are upregulated following infection, including the transferrin receptor and glycolytic-pathway genes such as HK2 (15) . Consistent with these data, Toxoplasma activates HIF-1 and parasite growth in murine embryonic fibroblasts with HIF-1␣ knockout mutations (HIF-1␣KO MEFs) is decreased by Ͼ70% at 21% O 2 and by Ͼ95% at a physiological O 2 level (3%) (16) . The goal of this study was to identify host cell factors important for Toxoplasma growth at both normoxic and physiological O 2 levels and determine which HIF-1 target gene(s) is (are) important in Toxoplasma-infected cells.
RESULTS
Large-scale siRNA screening identifies host genes important for parasite growth at normoxic and physiological oxygen levels. A large-scale human small interfering RNA (siRNA) screen was performed with HeLa cells to identify host genes important for Toxoplasma growth at 21% (normoxic) and/or 3% (physiological) O 2 . siRNA libraries, plated in 96-well plates, were used in which each well contained three siRNAs targeting different regions of a transcript (Fig. 1A ). Each plate targeted 88 different genes, and the remaining wells were used to generate a standard curve or contained siRNAs targeting Polo-like kinase 1 (PLK1) or HIF-1␣ as controls. PLK1 assessed transfection efficiency because its depletion kills cells, resulting in decreased parasite growth (17) . HIF-1␣ was used because its loss leads to decreased parasite growth at 3% O 2 ( Fig. 1D) (16) . ␤-Galactosidase (␤gal)-green fluorescent protein (GFP)-expressing (RH-␤gal/GFP) parasites were added 48 h later to siRNA-transfected host cells and grown at either 21 or 3% O 2 for 72 h, and then the parasites were enumerated. Control assays showed a transfection efficiency of Ͼ95% and that the siRNAs reduced target gene expression for at least 96 h (see Fig. S1A and B in the supplemental material). Similarly, we found that of a small siRNA library targeting 11 human caspases, nine caspase siRNAs reduced target gene expression by at least 90% without impacting parasite growth (see Fig. S1C and D). Caspase-14 could not be assessed because it is not expressed in HeLa cells (18) , and PCR primers to assess caspase-5 expression could not be developed (data not shown). Dotted lines are Z scores of less than Ϫ2 or Ͼ2. siRNAs that reduce host cell viability are highlighted in red. (C) HK2 Western blot of lysates from mock-or parasite-infected negative-control (Neg Ctrl) or HK2 siRNA-transfected HeLa cells grown at 21% oxygen. Parasite growth was measured in HIF-1␣ (D) or HK2 (E) siRNA-transfected cells. Shown are averages and standard deviations from three assays. **, P Ͻ 0.01; ***, P Ͻ 0.001; ****, P Ͻ 0.0001 (Student's t test).
Primary screening targeting 9,102 human genes revealed that 316 siRNAs reduced parasite growth and 71 improved growth at 21% O 2 while 293 reduced growth and 109 improved growth at 3% O 2 ( Fig. 1B ; see Table S1 in the supplemental material). Using the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) host cell viability assay, we eliminated 168 of these from further consideration because they significantly reduced viability (Z scores of less than Ϫ1.67) of uninfected host cells at 21% O 2 . Secondary screening with different siRNAs confirmed the inhibitory effect of 28 (13.6%) of the 206 genes (see secondary-screening tab in Table S1 ). Pathway analysis using the COGNOSCENTE software program (http://vanburenlab.tamhsc.edu/) revealed no apparent interactions between the proteins encoded by these genes.
Hexokinase 2 is a HIF-1-regulated gene important for Toxoplasma growth at physiologically relevant oxygen concentrations. Host genes were hypothesized to be HIF-1 targets important for parasite growth if they are known HIF-1 target genes whose siRNAs limited parasite growth more at 3% O 2 than at 21% O 2 . Only HK2 fulfilled this criterion, and quantitative real-time PCR (qRT-PCR) and Western blotting verified HK2 siRNA specificity ( Fig. 1C ; see Fig. S1E in the supplemental material). A detailed time course revealed O 2 -dependent parasite growth phenotypes due to HK2 and HIF-1␣ depletion ( Fig. 1D and E) . While HK2 siRNAs decrease the viability of some cells exposed to hypoxia (Ͻ1.5% O 2 ) (5), they had no apparent effect at 3% O 2 (see Fig. S1E ).
The effects of Toxoplasma on HK2 mRNA abundance in wildtype HIF-1␣ (HIF-1␣WT) and HIF-1␣KO MEFs were compared at 18 hpi with RH strain parasites. Infection increased HK2 mRNA abundance in a HIF-1-dependent manner at both O 2 tensions ( Fig. 2A and B) . HIF-1␣ was also required at 3% O 2 to increase levels of other glycolytic-pathway transcripts (ALDOA, ALDOB, glyceraldehyde 3-phosphate dehydrogenase [GAPDH], PGAM1, and PKM2) (see Fig. S2 in the supplemental material). Infection increased HK2 protein at 21% O 2 in HIF-1␣WT but not HIF-1␣KO MEFs. Relative to uninfected HIF-1␣WT MEFs at 21%, HK2 protein abundance at 3% O 2 was similarly elevated in mockand parasite-infected HIF-1␣WT MEFs but not in HIF-1␣KO MEFs suggesting that to 3% O 2 HK2 was maximally expressed (Fig. 2C and D) . HK2 antibody specificity was demonstrated by an inability of the antibody to detect a protein in purified parasite lysates ( Fig. 1C and 2C ). Together with our finding that glycolytic transcripts are increased in human fibroblasts infected with Toxoplasma type II ME49 tachyzoites (15) , these data indicate that HIF-1 regulates HK2 expression in Toxoplasma-infected cells.
We next tested whether HK2 expression complements parasite growth in HIF-1␣KO MEFs by infecting HIF-1␣WT or HIF-1␣KO MEFs transfected with empty-vector (EV), HK2, or enhanced-GFP (eGFP; an irrelevant protein control) expression plasmids and assessing parasite growth 72 h later. HK2, but not eGFP, significantly increased parasite growth at both O 2 levels only in HIF-1␣KO MEFs (Fig. 3B) . Similar results were noted when GFP fluorescence was used to detect RH-␤gal/GFP parasites growing in EV-or HK2-transfected HIF-1␣WT or HIF-1␣KO MEFs (see Fig. S3 in the supplemental material). Next, parasite growth was compared between host cells transfected with either an HK2 or an HK1 expression vector (the proteins were expressed at similar levels) (Fig. 3A) . Parasite growth increased in HK1-transfected HIF-1␣KO MEFs at 21% O 2 but not at 3% O 2 (Fig. 3C) .
Infection increases host glycolysis in a HIF-1-and HK2-dependent manner. Upregulation of HK2 should lead to increased G6P consumption by glycolysis and other G6P-regulated metabolic pathways. Therefore, levels of the glycolytic by-product lactate were measured in tissue culture supernatants to determine whether host glycolytic flux is elevated following infection. At both 21% and 3% O 2 , extracellular lactate abundance significantly increased in supernatants from infected HIF-1␣WT MEFs (18 h postinfection [hpi]), which is consistent with earlier work (19) . In contrast, lactate did not increase after HIF-1␣KO MEFs were infected ( Fig. 4A) , even though parasite growth in HIF-1␣KO MEFs at that time point was unaffected at either O 2 tension (see Fig. S4B in the supplemental material). Next, we found that lactate levels were not increased at either O 2 tension at 18 hpi in HK2 siRNAtransfected host cells (Fig. 4B) , a time at which the siRNAs did not affect parasite growth at 21% O 2 and only minimally at 3% O 2 (see Fig. S4C ).
Monocarboxylic acid transporter 4 (MCT4) is a lactate efflux pump and HIF-1 target gene that is upregulated by infection (see Fig. S2 ) (15, 20) . We tested whether decreased extracellular lactate levels from infected HIF-1␣KO MEFs was due to decreased lactate export. Thus, intracellular lactate levels were measured in mockand parasite-infected HIF-1␣WT and HIF-1␣KO cell extracts. No significant differences were observed, indicating that decreased lactate abundance in HIF-1␣KO cell supernatants is not due to insufficient lactate export (see Fig. S4 ).
These data suggest that infection-induced increases in lactate are HIF-1-and HK2-dependent. However, some lactate measured in the culture supernatants could be parasite derived. While this cannot be resolved biochemically because of an inability to discriminate between host-and parasite-derived lactate, several lines of evidence indicate that even if parasite-derived lactate was being released, it was not significantly impacting our measurements. First, the time point at which the supernatants were collected was before parasite replication significantly decreased in either HIF-1␣KO or HK2 siRNA-transfected cells (see Fig. S4B and C). Second, parasites grown in the HIF-1␣KO MEFs at that time point take up larger amounts of [ 14 C]glucose, which may be due to the increased intracellular glucose pools that accumulate when HK2 expression is decreased (not shown). We hypothesized that if infection increased host cell aerobic glycolysis and lactate production via elevated HK2, then the tricarboxylic acid (TCA) cycle would be reduced. One way to regulate metabolic flux through the TCA cycle is to limit the conversion of pyruvate to acetyl coenzyme A by inhibiting the pyruvate dehydrogenase (PDH) complex (21) . Phosphorylation of the PDH E1␣ subunit on serine residues 232, 293, and/or 300 by PDH kinases inhibits PDH activity (21) . Lysates from mock-or parasite-infected cells (18 hpi) were blotted with anti-PDH E1␣ or -phospho-PDH E1␣ Ser232 antibodies, neither of which cross-react with the parasite (not shown). Infection increased PDH E1␣ S232 phosphorylation at 21% O 2 , while at 3% O 2 , its phosphorylation was similarly elevated in infected and uninfected cells (Fig. 4C) , suggesting that PDH E1␣ is maximally phosphorylated at 3% O 2 . Together, these data indicate that Toxoplasma infection leads to a HIF-1-dependent increase in HK2 activity.
Toxoplasma growth requires HIF-1␣ and HK2 expression in nontransformed cells. We next tested whether the dependence of Toxoplasma on host HIF-1␣/HK2 was a phenotype associated with parasites growing in transformed HeLa and MEF cells (22) that rely on aerobic glycolysis even under O 2 -replete conditions. C2C12 cells are nontransformed immortalized myoblasts previously used to study Toxoplasma growth and differentiation (23, 24) . HIF-1␣ and HK2 siRNAs efficiently reduced target gene expression without affecting C2C12 cell viability ( Fig. 5A and B) . Parasite growth in HIF-1␣ siRNA-transfected C2C12 cells was significantly reduced at 72 hpi at 3% but not 21% O 2 (Fig. 5C) . Toxoplasma growth was also reduced at 72 hpi at 21% O 2 in HK2 siRNA-transfected C2C12 cells. But unlike in HIF-1␣ siRNAtransfected cells, parasite growth was decreased~50% at 21% O 2 in HK2 siRNA-transfected C2C12 cells (Fig. 5C) . Thus, the requirement for HIF-1␣ and HK2 to support parasite growth is not restricted to transformed cells, such as HeLa cells and MEFs.
In vivo HK2 protein levels increase in Toxoplasma-infected mice. In vivo HK2 expression was examined by intraperitoneally infecting mice with 10 5 RH-␤gal/GFP parasites for 7 days. Protein lysates prepared from lungs, livers, and spleens were Western blotted to assess HK2 protein levels since these tissues contain tachyzoites at that time point (25) . HK2 protein levels were significantly increased in livers and spleens but not in lungs (Fig. 6A) .
To directly assess whether infected host cells increase HK2 expression, we intraperitoneally infected mice with 10 5 RH-␤gal/ GFP parasites, harvested the peritoneal exudate, and used flow cytometry to compare HK2 expression in parasite-infected (GFP ϩ ) and uninfected (GFP Ϫ ) inflammatory monocytes, which are innate immune cells in which RH strain parasites proliferate (26) . HK2 expression was significantly increased in the infected monocytes (Fig. 6C) . It was unknown why approximately 31% of the GFP Ϫ monocytes were HK2 hi . One possibility is that these cells were infected with Toxoplasma but killed the parasite.
Toxoplasma requires HK2 dissociation from the OMM for growth at 3% oxygen. HK2 contains highly conserved N-and C-terminal catalytic domains and glucose recognition by both domains is dependent on aspartic acid residues D209 and D657 (in the N-and C-terminal domains, respectively) (Fig. 7A) (27) . A third domain (yellow M in Fig. 7A ) at the N terminus of HK2 inserts into the OMM to facilitate VDAC binding (8) (Fig. 7A; see Fig. S5 in the supplemental material) . To test whether Toxoplasma growth requires HK2 catalytic activity and/or mitochondrial membrane association, HIF-1␣WT or HIF-1␣KO MEFs were transfected with wild-type, catalytically inactive (MuHK2), or OMM binding-deficient (TrHK2) HK2 constructs, all of which were expressed at similar levels (Fig. 7B) . While parasite growth did not increase in any of the transfected HIF-1␣WT MEFs or in MuHK2-transfected HIF-1␣KO MEFs, parasite growth was similarly increased at 21% and 3% O 2 in HIF-1␣KO MEFs transfected with either the wild-type HK2 or TrHK2 mutant construct (Fig. 7C) .
Since TrHK2 complemented parasite growth, we analyzed endogenous HK2 protein localization by Western blotting cytoplasmic and mitochondrial fractions from mock-or parasite-infected HIF-1␣WT MEFs. In both uninfected and infected cells at 21% O 2 ,~75% of the HK2 was present in the cytoplasmic fraction (Fig. 7D) . At 3% O 2 ,~83% of HK2 was mitochondrially associated in mock-infected cells, which is consistent with other work (28) . Following infection, however, HK2 dissociated from the OMM (Fig. 7D) . Similar results were noted by fluorescence microscopy (see Fig. S6A in the supplemental material). HK2 mitochondrial dissociation was specific since HK1 localization were unaffected by parasite infection (Fig. 7E) . Moreover, HIF-1␣ was not required for HK2 mitochondrial dissociation (see Fig. S6B ), indicating that HK2 expression and dissociation from the OMM are mutually exclusive.
To test whether Toxoplasma requires HK2 cytoplasmic localization to grow at 3% O 2 , we took advantage of the fact that HK1 remains associated with the OMM following infection and assayed parasite growth in cells expressing a truncated HK1 (TrHK1) mutant (Fig. 8A ) that cannot bind to the OMM. TrHK1 restored parasite growth at 21% O 2 similar to full-length HK1 (Fig. 8C) ; the proteins were expressed at similar levels (Fig. 8B) . However, at 3% O 2 only TrHK1 complemented parasite growth in HIF-1␣KO MEFs. Together, these data indicate that at physiological O 2 levels, Toxoplasma growth is dependent on its ability to promote HK2 dissociation from the OMM.
DISCUSSION
A forward genetic screen was used to identify the HIF-1-regulated gene(s) needed for parasite growth at 3% O 2 . Of the genes identified, HK2 was the only known HIF-1 target important for parasite growth. We further showed that (i) HK2 expression in Toxoplasma-infected cells is HIF-1 dependent, (ii) parasite growth is restored in HK2-transfected HIF-1␣KO MEFs, (iii) HIF-1/HK2 expression alters host metabolism, (iv) HK2 is upregulated in vivo and in nontransformed cells, and (v) Toxoplasma promotes and requires HK2 cytoplasmic localization at 3% O 2 .
siRNA screening is a powerful tool to define host cell processes used by pathogens to establish their replicative niches. While most genes from the screen were not suspected of functioning in Toxo- plasma growth, their identification may reveal novel cellular processes that support parasite growth. For example, UBE2D2 functions in mitophagy, suggesting that Toxoplasma uses this specific autophagic process (29) . Validating the screen was difficult since few host genes were known to be important for Toxoplasma growth. But EGLN1 (PHD2) siRNAs increased growth at 3% O 2 , which was expected since inhibition of PHD2 stabilizes and activates HIF-1 (30) . We found that a significant number of hits from the primary screen were false positives, which was likely due to off-target effects of the siRNAs (31) . For example, ACVR1C (ALK7), a member of the ALK4,5,7 receptor family, was a primary hit that was intriguing since ALK4,5,7 signaling mediates Toxoplasma activation of HIF-1 (30) . Yet, the secondary screen did not confirm ACVR1C as a result of an off-target effect since ACVR1C mRNA was undetectable in HeLa cells (not shown). False negatives are another limitation of siRNA screens and are more challenging to identify. For example, HIF-1␣ siRNAs in the siRNA library did not reduce parasite growth, although control HIF-1␣ siRNAs purchased from a different company were included in each screening plate since they effectively decreased HIF-1␣ mRNA abundance and Toxoplasma growth at 3% O 2 .
The gene for HK2 and other glycolytic transcripts are HIF-1 targets that allow cells to shift from aerobic to anaerobic metabolism during hypoxic exposure. But we noted that while HIF-1 was important for HK2 expression, other transcription factors are likely involved in HK2 regulation. These could include c-myc and p53, which are activated by Toxoplasma and regulate HK2 levels (32) (33) (34) (35) . We also found that HK2 mRNA and protein levels were not coupled, implying that posttranslational mechanisms are also involved to fine tune HK2 protein abundance following infection.
At 3% O 2 , infection induced HK2 dissociation from the OMM to the cytosol. How HK2-OMM localization is regulated is largely unknown. AKT kinase, which promotes HK2 mitochondrial association by phosphorylating VDAC (36) , is likely not involved since Toxoplasma activates host AKT (37) . GSK-3␤ signaling promotes HK2 dissociation from the OMM (38), but Toxoplasma is not known to activate GSK-3␤. OMM cholesterol content (39) and G6P levels (40) also affect HK-OMM association, and future work will define how Toxoplasma alters HK2 localization.
Full-length HK1 complemented parasite growth at 21% O 2 but not at 3% O 2 . We speculate that at 21% O 2 , a threshold amount of endogenous HK1/2 is cytoplasmically localized and that transgenic HK1 expression yields enough additional cytoplasmic HK activity in the knockout cells to support parasite growth. But at 3% O 2 , HK1 does not dissociate from the OMM following infection. Similarly, differences in parasite growth between cell lines (e.g., HIF-1␣ siRNAs [ Fig. 1D ] versus HIF-1␣KO MEFs [ Fig. 3 ] at 21% O 2 ) may be due, in part, to differences between cells in cytoplasmic HK expression.
It is unknown what role HK2 has during infection. One possibility is that it mediates ATP production to meet the increased metabolic demands that infection places on a host cell, especially at decreased O 2 levels when mitochondria are less active. The ability of TrHK2 to complement parasite growth supports this hypothesis, since cytoplasmic HK2 uses cytoplasmic ATP as a substrate, whereas OMM-associated HK2 uses intramitochondrial ATP (41) . This may indicate a requirement for increased host glycolysis that we showed is HIF-1␣ and HK2 regulated in parasite-infected cells and is supported by our finding that infection upregulates glycolytic transcript abundance, as well as phosphorylation of PDH E1␣. Alternatively, HK2 may fuel the pentose phosphate pathway that supplies the cell with ribose 5-phosphate and NADPH. Metabolomic studies are needed to resolve these models, but these studies are complicated by the difficulty of specifically isolating host metabolites in a manner suitable for downstream analysis.
HK2 expression may impact Toxoplasma growth in other ways.
First, loss of HK2 may increase intracellular glucose levels that could form advanced glycation end products such as carboxyethyl lysine (CEL) (42) . But CEL was undetectable in infected HK2-deficient cells (see Fig. S7 in the supplemental material). Alternatively, Toxoplasma may scavenge a G6P-derived metabolite. But, this is doubtful since Toxoplasma scavenges glucose at 21% O 2 and likely at 3% O 2 (43) . In addition, nutrient starvation triggers Toxoplasma development into bradyzoites. But, type II ME49 parasites (used because RH strain does not form bradyzoites) do not form bradyzoites in HK2 siRNA-transfected host cells (see Fig. S8 in the supplemental material). These data are consistent with our finding that bradyzoites do not form in HIF-1␣KO MEFs, as well as other work showing that lactate restricts bradyzoite development (16, 19) . Finally, Toxoplasma, like Theileria annulata, may activate HIF-1 and induce aerobic glycolysis in order to decrease oxygen radical production. But, this model conflicts with the finding that reactive oxygen species levels are reduced when HK2 is OMM associated (44, 45) . Aerobic glycolysis is a well-established feature of tumorigenic cells, as well as other types of cells. For example, macrophages and T cells must switch to glycolysis-fueled metabolism in order to function properly (46) (47) (48) . This is consistent with our finding that HK2 is elevated in Toxoplasma-infected monocytes. However, macrophage activation of HIF-1 and aerobic glycolysis are features of M1 macrophages (7), whereas the RH strain parasites used here elicit M2 macrophages (49, 50) . This discrepancy may be resolved by recent work showing that macrophages from Toxoplasma-infected mice display both M1 and M2 phenotypes (51) . Thus, we hypothesize that parasite growth in monocytes requires activated HIF-1/HK2 to promote replication while the immunological features of the host cell are dictated by the parasite strain.
In summary, we report that Toxoplasma regulates HK2 through two distinct mechanisms. First, Toxoplasma upregulates HK2 by activating HIF-1. Second, a critical level of cytoplasmic HK2 is needed to support parasite replication, and at 21% O 2 this is likely achieved solely by increased HK2 expression. But, at decreased O 2 levels Toxoplasma triggers HK2 release from the OMM. We speculate that HK2 dissociation is important because mitochondrial ATP production at physiological O 2 levels is reduced, leading to HK2 dissociation from the OMM in order for the kinase to use cytoplasmic ATP as a cosubstrate. Our future work will test this hypothesis, as well as determine which HK2-dependent pathways are required for Toxoplasma. However, HK2 could not fully complement growth in HIF-1␣KO MEFs, suggesting that other genes/pathways are needed for parasite growth.
MATERIALS AND METHODS
Ethics. Animal protocols (MIC12093Y) were approved by the SUNY at Buffalo IACUC and carried out in accordance with the Public Health Service Policy on the Humane Care and Use of Laboratory Animals and AAALAC accreditation guidelines.
Cells and parasites. All cells and parasites were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), glutamine, and sodium pyruvate, unless otherwise noted (16) . GFP-histone H2-B HeLa cells were provided by Geoff Wahl, and HIF-1␣WT and HIF-1␣KO MEFs were from Randy Johnson. All other cells (human foreskin fibroblasts, HeLa cells, and C2C12 cells) were from the ATCC. Host cells and parasites were regularly tested for mycoplasma with the Mycoplasma Detection kit (Lonza; Basel, Switzerland) and found to be negative. Unless noted otherwise, all experiments used the RH-␤gal/ GFP strain provided by Gustavo Arrizabalaga.
Plasmids. All HK expression constructs were purchased from Addgene (Cambridge, MA). Inserts were digested out of pGFP-N3 with NheI and KpnI and ligated into the C-terminal FLAG tag-containing vector pFLAG-CMV5.1 with T4 DNA ligase (Invitrogen). All constructs were verified by sequencing.
siRNA screening and siRNA transfections. A siRNA library targeting 9,102 human genes with three siRNAs per gene (for a list of the genes, see Table S1 in the supplemental material) was purchased from Ambion (Austin, TX). siRNA sets were pooled and aliquoted into individual wells of 96-well plates. Eight thousand HeLa cells were added to each well and reverse transfected with Lipofectamine 2000 (Invitrogen, Carlsbad, CA). After 24 h, wells were rinsed twice with medium and incubated 24 h longer; the cells were then infected with 4,000 parasites/well and grown for 72 h at either 21% or 3% O 2 in an InVivo300 Hypoxia Workstation (Baker Ruskinn; Sanford, ME). Medium was removed, and ␤-galactosidase activity was measured by adding 20 M chlorophenol red-␤-Dgalactopyranoside (CPRG) in 100 l of Z buffer (52) . Parasite numbers were determined by linear regression analysis from a standard curve prepared in each plate and normalized to the average number of parasites in all wells of a plate. Each siRNA was tested at least three times, and averages were calculated. Z scores [(x Ϫ mean)/standard deviation] were calculated by using the mean and standard deviation of the entire library. Z scores of less than or equal to Ϫ2 or Ն2 indicated significant decreases or increases, respectively, in parasites growth. The MTT assay assessed HeLa cell viability at 96 h posttransfection.
Murine C2C12 myoblasts were seeded into 96-well plates and 24 h later transfected with RNAiMAX (Invitrogen). After 6 h, the siRNAs were removed and the cells were grown for 48 h and then infected with parasites at 21% or 3% O 2 for 72 h. Cell viability was determined with the CellTiterBlue Assay (Promega, Madison, WI).
Western blotting. Unless stated otherwise, host cells were infected with type I RH strain parasites at a multiplicity of infection (MOI) of 4 (4:1 ratio of parasites to host cells). Whole-cell lysates were prepared in icecold radioimmunoprecipitation assay (RIPA) buffer and Western blotted as previously described (30) . Mitochondrial and cytoplasmic fractions were prepared from 10 7 cells/sample by Dounce homogenization using the mitochondrial isolation kit (Thermo Scientific, Waltham, MA). For the antibodies used, see Table S2 in the supplemental material. Western blots were imaged with an Odyssey CLx infrared scanner (LI-COR, Lincoln, NE), and fluorescence intensity was quantified with Image Studio 3.1.
qRT-PCR. qRT-PCR was performed as previously described (53) . Briefly, DNase-treated total RNA was reverse transcribed with random hexamers. cDNA (25 ng) was mixed with gene-specific primers (see Table S2 in the supplemental material) and SYBR green PCR mix (Applied Biosystems). Data were collected and analyzed with an ABI 7500 Fast RT-PCR machine (Applied Biosystems). Changes were calculated by the 2 ϪCt⌬⌬ method.
HK2 complementation assays. HIF-1␣WT and HIF-1␣KO MEFs were transfected as previously described (30) and then infected with RH␤gal/GFP parasites. Parasite growth was determined 72 h later with CPRG. Relative parasite growth was calculated by using a standard curve generated with HIF-1␣WT MEFs.
Lactate assays. Medium collected from mock-or parasite-infected HIF-1␣WT and HIF-1␣KO MEFs grown for 18 h in phenol red-free DMEM lacking sodium pyruvate with 1% FBS was centrifuged at 16,000 ϫ g at 4°C to remove cell debris. Samples were diluted, and lactate was measured with the lactate assay kit (Eton Bioscience, San Diego, CA). Intracellular lactate levels were measured in cells lysed with 95% ethanol.
Fluorescence microscopy. Coverslips in 24-well plates were fixed with 3% paraformaldehyde in phosphate-buffered saline, permeabilized, and stained as follows. Mitochondria were detected by incubation with 250 mM Mitotracker CMXRos (Invitrogen) at 37°C for 30= before fixation. Bradyzoites were induced by high-pH medium and detected by Dolichos biflorus agglutinin (DBA) staining as previously described (16) . Rabbit anti-SAG1 antibody (from John Boothroyd) was used to detect tachyzoites. Coverslips were mounted in 4=,6-diamidino-2-phenylindole (DAPI)-containing Vectashield (Vector Labs, Burlingame, CA) and imaged by fluorescence microscopy.
Murine infections. C57BL/6 mice were mock injected or intraperitoneally injected with 10 5 RH parasites, and their lungs, livers, and spleens were collected 7 days postinfection. Lysates were prepared by sonicating 100 mg of tissue in 500 l of lysis buffer (RIPA buffer plus protease inhibitors). HK2 expression in peritoneal exudate Ly6C ϩ inflammatory monocytes (54) was assessed in cells that were harvested 5 days after intraperitoneal infection of C57BL/6 mice with 10 5 RH-␤gal/GFP parasites. HK2 expression was compared in the infected (GFP ϩ ) and uninfected (GFP Ϫ ) cells. Data were analyzed with FlowJo software.
Statistical analysis. When appropriate, one-way ANOVA with Tukey's post hoc test or Student's t test was performed with GraphPad Prism (GraphPad, La Jolla, CA).
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